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Ion channels are deeply involved in sperm physiology. In sea urchin sperm cyclic nucleotide levels increase during
quimotaxis and in the acrosome reaction (AR). Although cyclic nucleotides are second messengers known to directly
or indirectly modulate ion channels, it is not clear how they modulate sperm responses to the egg outer layer. Here,
we describe a cAMP regulated K/-selective channel from sea urchin sperm plasma membranes fused into planar bilayers
that may have a role during sea urchin sperm quimotaxis and/or the AR. Its single channel conductance in 100 mM
KCl is 103 pS. In bi-ionic experiments, the channel displayed a K//Na/ permeability ratio (PK//PNa/) of 5. Thus, in
sea water its reversal potential would be 013 mV and channel opening would depolarize spermatozoa. The channel
has low open probability (Po  0.8 { 0.2% at 0 mV applied voltage) and weak voltage dependence. Channel activity
is reversibly up-regulated by cAMP in the cis bilayer side, but not by cGMP. This modulation followed a single
Langmuir isotherm with an apparent kd of 200 mM. At this concentration the channel open probability at 0 mV
increased up to 11-fold. TEA/ blocked the channel only from the trans side. Also Ba2/ in trans blocked the channel
in a voltage-dependent manner. q 1996 Academic Press, Inc.
INTRODUCTION directly modulate them (Latorre et al., 1991; Zufall et al.,
1994). Spermatozoa respond to the outer layer of eggs with
profound changes in membrane permeability, metabolic ac-
Ion plasma membrane permeability changes play a funda- tivity, swimming behavior, and second messenger levels
mental role in the activation of respiration and motility, in ([Ca2/]i , cyclic nucleotides, IP3) (Schackmann, 1989; Gar-
chemotaxis, and in triggering the acrosome reaction (AR) bers, 1989; Ward and Kopf, 1993). Considering this, it
in spermatozoa (Schackmann, 1989; Ward and Kopf, 1993; seemed worthwhile to explore which of the sea urchin
Darszon et al., 1994). The careful characterization of the sperm ion channels that have been recorded in planar bi-
electrophysiological properties of sea urchin spermatozoa layers are regulated by cyclic nucleotides. Here, a study of
has been precluded by their small size (head diameter 2 a cAMP1 regulated K/ channel from isolated Strongylocen-
mm). Because of this, planar lipid bilayers with incorporated
sperm plasma membrane components, and patch-clamp
techniques in whole cells, have been used to detect single 1 Abbreviations used: cAMP, adenosine 3*-5* cyclic monophos-
phate; cGMP, guanosine 3*-5* cyclic monophosphate; cNMP, cyclicchannels from sea urchin spermatozoa. These techniques,
nucleotide monophosphate; DPPC, diphytanoylphosphatidylcho-together with studies of membrane potential, [Ca2/]i and line; f, fraction of open time at any cAMP concentration; f0 , fractionpHi in whole sperm, have allowed establishing the presence of open time in the absence of cyclic nucleotide; fmax, value of f/f0of K/, Ca2/, and Cl0 channels in this cell and exploring their at very large [cAMP]; Kd , apparent dissociation constant; Hepes, N-
regulation and participation in chemotaxis and in the AR [2-hydroxyethyl]piperazine-N *-[2-ethanesulfonic acid]; Po , channel
(Darszon et al., 1994). open probability; PK/ , permeability coef®cient for K/; Px0 , perme-
Ion channels are subject to multiple forms of regulation ability coef®cient for the monovalent cation X; tV 0 , mean open time;
tV c , mean closed time; TEA/, tetraethylammonium ion.(Brown, 1993), and it is known that cyclic nucleotides can
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was cis, and vesicle fusion to planar bilayers was achieved usingtrotus purpuratus ¯agellar membranes fused into MuÈ ller±
established procedures (Darszon et al., 1994). All solutions wereRudin planar bilayers is offered. Its single channel conduc-
prepared with deionized and glass-distilled water ®ltered throughtance in bilayers exposed to 100 mM KCl is 103 pS. The
0.22-mm Millipore sieves, with 300±600 mM KCl in cis and 100channel has a low open probability and is weakly voltage
mM KCl in trans, both containing 5 mM Hepes, pH 7.0.dependent. Addition of cAMP in cis (the side of membrane
Data storage and analysis. Single channel currents were re-
addition) up-regulates channel activity in a dose dependent corded un®ltered and stored using a modi®ed VCR (Bezanilla,
and reversible fashion, increasing open probability. Milli- 1985). For single channel current analysis, the records were low-
molar concentrations of Ba2/, or TEA, in trans blocked the pass ®ltered at 500 Hz (four-pole Bessel ®lter, Warner Inst. Corp.,
channel in a voltage-dependent fashion. Handem, CT), acquired at 5 kHz, and analyzed using pClamp 6.0
software (Axon Instruments Inc., Foster City, CA). Dwell time dis-Under bi-ionic conditions the channel displayed the se-
tributions were ®tted by least-square minimization methods usinglectivity sequence K/  Rb/  Na/  Cs/ and a low
pStat. Curve ®tting was performed by least-square minimizationPK//PNa/ of 5. Thus, the opening of this channel would
methods using Axum 2.0 (Trimetrix Inc., Seattle, WA).allow a signi®cant Na/ current into sea urchin sperm in
Selectivity was determined under biionic conditions as follows:sea water, causing a depolarization. Among the sperm re-
after detecting the channels in a KCl gradient, the cis compartmentsponses to the egg outer layer are increases in cAMP levels
was perfused with 100 mM KCl to have a control record under
and Na/ permeability (Garbers, 1989; Darszon et al., 1994; symmetrical conditions. Thereafter, the solution in cis was
Labarca et al., 1995); therefore, a channel such as the one changed perfusing at least 10 chamber volumes with another mono-
identi®ed in the planar bilayer assay might participate in valent cation (100 mM RbCl, NaCl, or LiCl). Reversal potentials
some of the egg-jelly induced permeability changes. (ER) were estimated from the I±V curves of the single channel tran-
sitions (Darszon et al., 1994).
MATERIALS AND METHODS
RESULTS
Materials. S. purpuratus sea urchins were obtained from Paci®c
Bio-Marine Laboratories (Venice, CA) or from Marinus (Long Beach, A K/-selective channel exhibiting a low open probabil-
CA). Valinomycin and tetraethylammonium (TEA/) were from ity and weak voltage dependence derived from sea urchinSigma (St. Louis, MO). Dipropylthiodicarbocyanine (DiS-C3-(5)) and plasma membranes in planar lipid bilayers. Fusion of2*,7*-bis(2-carboxyethyl)-5(6)-carboxy¯uorescein acetoxymethyl
plasma membrane fragments puri®ed from the sea urchinester (BCECF) were from Molecular Probes (Eugene, OR). Phospho-
S. purpuratus to planar lipid bilayers, as explained underlipids for planar bilayer experiments were from Avanti Polar Lipids
Materials and Methods, resulted in the insertion of a cation-(Birmingham, AL). Speract was from Peninsula Laboratories (Bel-
mont, CA). All reagents were of the best quality commercially selective channel exhibiting a low probability of opening
available. (Po  0.80 { 0.2%, n  8, at zero-applied voltage) (Fig. 1A).
Gamete collection. Spermatozoa were obtained by intracoe- Insertion of this channel to planar bilayers could be
lomic injection of 0.5 M KCl into S. purpuratus sea urchins and achieved reproducibly in all 10 membrane preparations
collected with a Pasteur pipette directly from the gonopores (Dars- tested.
zon et al., 1994). The cell suspension was kept on ice until used As documented in Fig. 1B, the fraction of time the channelfor obtaining ¯agellar plasma membranes. ASW was in mM: 488
spent in the open state depended, albeit weakly, on theNaCl, 10 KCl, 29 MgSO4, 27 MgCl2, 10 CaCl2, 2.4 NaHCO3, 0.1
applied voltage. Mean open times, estimated by averagingEDTA, 10 Hepes, pH 8.0.
open time durations, became longer at more negative ap-Isolation of plasma membranes and formation of vesicles.
plied potentials (Fig. 1C). The line joining the experimentalPlasma membranes were isolated by the method reported by Cross
(1983) modi®ed by Darszon et al. (1984). The membranes were points in Fig. 1C corresponds to the best ®t of the function
preloaded with 0.5 M sucrose by sonication (2 min) with a water
bath sonicator (Bransonic Heat Systems Ultrasonics, Plainview,
t(V)  t0 exp 0V/A [1]NY, Model B12) or allowing them to stand overnight in the sucrose
solution. Thereafter, the vesicles were stored in aliquots (100 ml)
to the data. Here, t0 represents mean open times estimatedat 0707C.
Planar bilayer experiments. Planar lipid bilayers were formed at zero-applied voltage, and A is a constant, in mV, esti-
according to MuÈ eller and Rudin (1969) from a synthetic lipid, diphy- mated here at 174 mV. The I±V relation for the channel
tanoylphosphatidylcholine (DPPC), or a mixture of DPPC: brain was linear, in the {80-mV range explored, with a slope
phosphatidylethanolamine:brain phosphatidylserine (70:15:15, 20 conductance of 144 pS in 0.6 M KCl cis/0.1 M KCl trans.
mg/ml, total concentration in n-decane). Bilayers were formed on Under these experimental conditions, the reversal potential
a hole (200±300 mm diameter) made on the plastic septum of a for the channel was 040 mV, close to the Nernst potential
chamber having two 300-ml compartments. Each compartment was
predicted for a perfectly cation selective pore (Figs. 1A andconnected through an agar±Ag/AgCl electrode to a homemade I±
5B). In symmetrical 0.1 M KCl, the channel exhibited aV transducer (10 GV resistor in the feed back loop, trans at virtual
slope conductance of 103 pS (Fig. 2). The permeability ratiosground) or a Dagan 3900A patch-clamp ampli®er (Dagan Corp.,
PK//PX/ for different monovalent cations were estimatedMinneapolis, MN) or an Axopatch 200 ampli®er (Axon Instru-
ments, Foster City, CA). The side where membranes were added from the reversal potentials obtained from current±voltage
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FIG. 1. Properties of K/-selective channel from puri®ed plasma membrane of S. purpuratus. (A) Single channel currents in planar lipid
bilayers. Channel insertion to planar lipid bilayers was achieved as explained under Materials and Methods under conditions in which
the cis chamber contained 600 mM KCl and the trans chamber contained 100 mM KCl. Records of currents from the same planar bilayer,
low-pass ®ltered at 500 Hz, are shown at different applied voltages. The zero-current potential occurred near 040 mV, indicating that the
channel is perfectly cation-selective. (B) Open probability as a function of applied voltage. The fraction of open time (% open time) was
obtained by computer analysis as explained under Materials and Methods. Each point is the average from eight different experiments
performed as in A and the bars are {SEM. Dotted lines joining experimental points were drawn by eye. (C) Open time durations (to) as
function of applied voltage. Durations were estimated by averaging all open times in an experimental record. Each point is the average
of eight different experiments over the voltage range shown, under the conditions of A, and the bars are {SEM. Line is the best ®t of Eq.
[1] to experimental points.
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ing the channel open conformation. The fact that upward
modulation occurred from the cis allowed us to assign this
side as the cytoplasmic face of the channel.
Further inspection of the experimental data was per-
formed to gain insight into the mechanisms of modulation.
The analysis indicated that, in the range of cAMP concen-
trations tested, mean open times were refractory to the pres-
ence of the cyclic nucleotide (Fig. 4B, left). Mean closed
times were found to vary linearly as a function of the recip-
rocal of cAMP concentration, over the range of cAMP con-
centrations explored. In the absence and in the presence of
cAMP, open times could be accounted for in terms of a
FIG. 2. Selectivity properties of K/ channel from sea urchin sperm single exponential component (Fig. 4C, left histogram). In
plasma membrane. Channels were inserted to planar bilayers under turn, closed times could be ®tted to two exponential compo-
symmetrical 0.1 M KCl, after which cis was perfused extensively nents (Fig. 4C, right histogram), consistent with a linear
with 0.1 M of the monovalent cation of interest. Single channel kinetic scheme to account for the upward modulation by
currents were recorded at different applied voltages to estimate the cAMP (Moczydlowski, 1985):
zero-current voltage under bi-ionic conditions. The experimental
points are the averages from three different studies with {SEM
being enclosed by symbols.
closed1
k1 [cAMP]
k01
closed2-cAMP }
b
a
open. [3]
relations under a bi-ionic regime. Figure 2 and Table 1 show
The scheme predicts that the distribution of open times
that the channel followed the selectivity sequence PK/  should be single exponential while there should be two
PRb/  PNa/  PCs/. components of closed times. Furthermore, in this model
Upward modulation by cAMP. It was thought of inter-
mean open times are independent of [cAMP], as observed
est to take advantage of the planar lipid bilayer assay to
experimentally. The effect of cAMP on channel open
determine whether agents relevant to sperm physiology,
probability would be brought about by its binding to the
such as cGMP and cAMP (Garbers, 1989) were effective in
closed1 conformation, shifting the equilibrium toward themodulating the probability of opening of the K/-selective
closed2 state. Channel opening from closed2 would thenchannel derived from S. purpuratus sperm. Up to 200 mM
proceed through a conformational transition. As explic-
cGMP in cis or trans (Fig. 3B) did not affect channel open
itly stated in the scheme, only the transition leading away
probability. On the other hand, channel exposure to cAMP
from the closed1 into the closed2 conformation involvesfrom the cis side, at concentrations above 50 mM, caused a
a cAMP-binding step. In particular, the scheme predicts
dose-dependent increase in channel open probability in 80%
that mean closed times, obtained by averaging closed du-
of assays (n  20). Figure 3A shows the increases in channel
rations, should vary linearly as a function of [cAMP]01
activity induced by cAMP. Upward modulation by cAMP
(Moczydlowski, 1985). As documented in Fig. 4B (right)
was seen only in cis and could be reversed upon perfusing
this prediction was ful®lled by the experimental data. The
this bilayer chamber with agonist free buffer. Figure 3B il-
line joining the experimental data in Fig. 4B (right) repre-
lustrates results from ®ve bilayers where at least three
cAMP concentrations were assayed. At 200 mM cAMP,
channel open probability, estimated at zero-applied voltage,
increased in average by 11.6-fold, from 0.5 { 0.15% to 6.1 TABLE 1{ 2%. The dotted line in Fig. 3B is the best ®t of the function
Reversal Potentials and Relative Permeability Ratios for
Monovalent Cations of a Sperm K/-Selective Channel
f/f0  1 / (fmax ([cAMP]/[cAMP] / kd) [2]
K/ vs: K/ Rb/ Na/ Cs/
ER (mV) 0 25 { 5 40 { 8 ¢50to the experimental data. In this expression, f is the fraction
PK//Px/ 1 2.7 4.9 ¢7of open time at any cAMP concentration, f0 is the fraction
of open time in the absence of cyclic nucleotide, fmax is the Note. Bi-ionic experiments were performed as explained undervalue of f/f0 at very large [cAMP], and kd is the apparent Materials and Methods. Reversal potentials (ER) were estimated asdissociation constant. In Fig. 3B fmax  20 and kd was esti- the zero-current voltage, determined from single channel current
mated at 214 mM. Thus, the effect of cAMP could be ex- vs voltage relations. Each ER value in the table corresponds to the
plained, in principle, on the basis of a single binding site in average { SEM from three different experiments, from which the
the cis face of the K/-selective channel whose occupancy PK//PX/ were calculated by using the Goldman±Hogdkin±Katz
equation, with ion concentration corrected for activity coef®cients.by the cyclic nucleotide increases the probability of achiev-
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FIG. 3. Upward modulation by cAMP of K/ channel from sea urchin sperm plasma membrane. (A) Effect of cAMP on open probability.
Single channel currents were recorded at zero-applied voltage under the salt conditions as given in the legend to Fig. 1A. The records,
low-pass ®ltered at 500 Hz, show channel activity from the same bilayer at the indicated [cAMP]. (B) Dose-dependence study of channel
open probability vs [cNMP]. Filled circles: the ratio f/f0 , where f is the fraction of open time at any [cAMP] and f0 the fraction of open
time without cAMP was used as a normalized parameter to assay the effects of cAMP on open probability. Each point represents the
average open probability obtained from ®ve different studies where a minimum of three different concentrations of cAMP were tested in
the same experiment, and the bars are {SEM. The line is the best ®t of Eq. [2] to data. The ®lled square is the f/f0 ratio obtained in three
different studies in 200 mM cis cGMP.
sents the best ®t to the experimental data of the function i/i0  (1 / [Ba2/ trans]/kd)01 [5]
(Moczydlowski, 1985):
to the data. Here, i is the single channel current amplitude
measured at any given [Ba2/], i0 is the current measured intV c  A(1 / kd/[cAMP]). [4]
the absence of the divalent and kd is the apparent dissocia-
tion constant at any applied voltage. The dissociation con-Here, tV c is the mean closed time obtained by averaging
stant estimated by ®tting Eq. [5] to the experimental dataclosed durations, A is a constant, and kd is the apparent
at zero-applied voltage (kd0) yielded a value of 30 mM. Atdissociation constant. A kd of 120 mM was estimated in
/20 mV, the effect of trans Ba2/ on channel open currentsfair agreement with the 214 mM value estimated indepen-
became less conspicuous and, in this case, the apparentdently of the dependence of open channel probability on
dissociation constant was estimated at 65 mM (Fig. 5C). In[cAMP] (Fig. 3B).
contrast, at 020 and 060 mV the dose dependence of block-Voltage-dependent blockade by TEA/ and Ba2/. The
ade, relative to that observed at 0 and /20 mV, was shiftedsensitivity of the K/-selective channel from S. purpuratus
to lower Ba2/ concentrations (Fig. 5C), yielding estimatessperm to TEA/ and Ba2/, two K/ channel blockers (Latorre
for the apparent kd's of 14 and 3 mM, respectively.and Miller, 1983; Rudy, 1988), was monitored. Up to 10
The above observations would be consistent with the no-mM TEA/ had no effect on single channel currents when
tion that Ba2/ permeates partially the open channel fromapplied to the cis chamber (not shown). On the other hand,
the trans side, blocking ion passage through it. In such achannel exposure to 10 mM TEA/ in trans reduced channel
case, the divalent would be expected to sense a fractionopen current amplitudes at negative applied voltages (Fig.
of the voltage drop, accounting for the observed voltage5A). Channel exposure to 10 mM trans Ba2/ blocked the
dependence of the apparent dissociation constant (Hille,channel with the blockade becoming more dramatic at neg-
1992). The voltage dependence of the kd would then be ex-ative applied voltages (Fig. 5B).
pected to obey the law (Hille, 1992):Blockade by trans Ba2/ was pursued further in order to
investigate the dose dependence and voltage dependence of
kd(V)  kd0 exp zdFV/RT. [6]such an effect. Figure 5C shows that, at all voltages ex-
plored, the decrease in channel open currents as a function
of blocker concentration was well accounted for in terms Here, kd0 is the apparent dissociation constant at zero-ap-
plied voltage, z is the valence of the blocker, d is the fractionof single Langmuir isotherms. The lines joining the experi-
mental points in Fig. 5C are the best ®t of the expression of the electric ®eld sensed by the blocker, V is the applied
voltage, and F, R, and T have their usual meanings. The(Moczydlowski, 1985)
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FIG. 4. Effect of [cAMP] on open and closed times. (A) Single channel currents from the same bilayer shown under control conditions
(upper record) and in 200 mM cAMP cis (lower record), at zero-applied voltage. Currents were ®ltered at 500 Hz. (B) Effect of [cAMP] on
open and closed times. Left: mean open times (to) vs [cAMP]. Mean open times were obtained as described in the legend to Fig. 1B. Each
point represents the average of ®ve different studies in which at least three different [cAMP] were tested and the bars are {SEM. The line
is an average open time derived from open durations in all experiments. Right: mean closed times vs [cAMP]01. Mean closed times were
obtained by averaging all closed durations. Each point is the average of ®ve experiments in which at least three [cAMP] were tested and
the bars are {SEM. The line joining experimental points is the best ®t of Eq. [4] to the data. (C) Distribution of open and closed dwell
times. Single channel currents were recorded in the presence of 200 mM cAMP. Open and closed time distributions were analyzed as
described under Materials and Methods, and histograms were built with 1000 open and closed events. Left, histogram: distribution of
open time durations. The continuous line is the best ®t to experimental data of a single exponential component of open dwell times with
to 1.6 msec. Right, histogram distribution of closed dwell times. The continuous line is best ®t to data with two exponential components
with t1  20 msec and t2  1 msec. The relative amplitude of the fast component was 0.49.
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FIG. 5. TEA/ and Ba2/ blockade of the sperm K/ channel. (A) Single channel currents were recorded in 300 mM KCl cis/100 mM KCl
trans in absence and in presence of 10 mM TEA/ in trans. Current±voltage relation of single channel current amplitudes are shown in
the absence (®lled circles) and in the presence of 10 mM TEA/ in trans (triangles). The points are averages of three different studies over
the range of voltages indicated and {SEM are enclosed in symbols. Lines joining experimental points were drawn by eye. (B) Single channel
currents were recorded in 600 mM KCl cis/100 mM KCl trans in the absence and in the presence of 10 mM Ba2/ in trans. Left panel:
single channel currents obtained from the same bilayer at the indicated voltages under control (left) and in 10 mM trans Ba2/ (right).
Right panel: current±voltage relation of single channel currents in control (®lled circles) and in 10 mM Ba2/ trans (open circles). Points
are averages derived from at least three studies, and {SEM is enclosed by points. Line joining points in the control were drawn by eye.
The curve joining experimental points in presence of trans Ba2/ is the best ®t of Eq. [7] to experimental points [Ba2/]  10 mM. Each
trace is 150 msec long, and the current scale bar is 20 pA. (C) Dose-dependence of Ba2/ blockade at different applied voltages. Single
channel currents were monitored under 600 mM KCl cis/100 mM KCl trans at the indicated voltages and over the range of [Ba2/] shown.
The points are the average currents from three different studies and {SEM are enclosed in symbols. Lines joining experimental points
are best ®t of Eq. [5] to data. The estimated kd's were: 65 mM (20 mV); 30 mM (0 mV); 14 mM (020 mV) and 3 mM (060 mV). (D) kd vs
applied voltage (Em). Filled circles are kd values derived from data shown in C at the indicated voltages. Line is the best ®t of Eq. [6] to
data with d  0.49, kd0  29.6 mM.
best ®t of Eq. [6] to the experimental data (Fig. 5D) yielded DISCUSSION
kd0  29.6 mM and d  0.49. The value of d obtained indi-
cates that the divalent exerted its effect by occupying a site
In this report, direct evidence is offered for the ®rst timedeep into the open channel pore. Combining [5] and [6] one
that sea urchin spermatozoa possess ion channels exhib-obtains the expression
iting modulation by cAMP. The K/ channel described here
is derived from sperm-¯agellar plasma membranes of the
sea urchin S. purpuratus which have been shown to be veryi  i0 (1 / [Ba2/ trans] exp-(zdFV/RT)/kd0)01, [7]
pure (Cross, 1983; Darszon et al., 1984; GarcõB a-Soto et al.,
1988). This channel, identi®ed in planar lipid bilayers, adds
to the small but growing contingent of ion channels dis-which suf®ced to account for the I±V relation in the pres-
ence of 10 mM trans Ba2/ (Fig. 5B, open circles). playing direct modulation by cyclic nucleotides. They in-
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clude, in addition to the K/-selective channel described nel in a voltage-dependent fashion. Experiments performed
under conditions in which the trans bilayer chamber con-here, cGMP-activated, cation-selective channels from pho-
toreceptor cells (Bonigk et al., 1993), cyclic nucleotide-acti- tained 50 mM K/ plus 100 mM Ca2/ (600 mM K/ cis) re-
vealed that, at this concentration, the divalent ion causedvated cation-selective channels from olfactory cells (Dhal-
lan et al., 1990; Latorre et al., 1991; Zufall et al., 1994), a a severe diminishment in channel open currents at zero and
negative applied voltages, resembling that observed in theK/-selective channel from olfactory cilia (Jorquera et al.,
1995), a K/-selective channel from Drosophila larval muscle presence of trans Ba2/, indicating that trans Ca2/ could also
block. Inspection of the I±V relation in the presence of 100(Delgado et al., 1991), a K/-selective channel encoded by
the eag gene in Drosophila (BruÈ ggemann et al., 1993), and a mM trans Ca2/ showed no sign of a reversal of open currents
up to 0100 mV applied voltage. Therefore, Ca2/ does notcGMP-activated K/-selective channel in bay scallop Pecten
irradian ciliary photoreceptors (Gomez and Nassi, 1995). In seem to permeate the K/ channel from sea urchin sperm.
In the absence of the cyclic nucleotide, at zero appliedaddition, a cation-selective channel (PK//PNa/  1.3) modu-
lated by cGMP found in human sperm has been recorded voltage, the opening probability of the sea urchin sperm K/
channel was below 1%, rising 10-fold at 200 mM cAMP.and cloned (Weyand et al., 1994). Its sequence has a 65%
homology with the photoreceptor channel and with one Since the opening probability at 060 mV (near resting po-
tential) without cyclic nucleotide was 2%, an upper limitrecently cloned from aorta (Biel et al., 1993).
The cAMP-induced increase in channel open probability for channel opening probability in the presence of 200 mM
cAMP can be estimated at 10±20%. Activation in the spermwas dose dependent. From this work it is believed that
cAMP acts directly on the channel since up-regulation is plasma membrane of one or two of the cAMP-regulated K/
channels, with a conductance of 100 pS and an openingseen in the absence of added ATP. It is unlikely that puri®ed
sea urchin sperm plasma membranes contain enough resid- probability of 10±20%, would add signi®cantly to the sperm
conductance, whose value has been estimated to be of theual ATP to support a kinase-dependent phosphorylation. It
could be that the membranes contain a cAMP-dependent order of 10 pS (Guerrero et al., 1987). It must be noticed
that during sperm activation by speract, a decapeptide fromphosphatase and that channel dephosphorylation might in-
crease open probability. If such was the case, changes in egg-jelly and during the acrosome reaction, there are in-
creases in cAMP levels (Garbers, 1989; Ward and Kopf, 1993,the phosphorylation state of the channel would result in
irreversible increases in channel open probability in the ab- BeltraÂn et al., 1995). The apparent af®nity of the sea urchin
sperm K/ channel for cAMP (kd , 214 mM ) was lower thansence of ATP, and open state probability would not be ex-
pected to display the smooth dependence on [cAMP] found that of cation-selective channels in olfactory cells (3±70
mM, Dhalla et al., 1990) and the K/ channel from Drosophilaexperimentally.
A simple linear kinetic model suf®ced to account for the larval muscle (54 mM, Delgado et al., 1991) but, most proba-
bly, higher than the eag channel. In this last case, upwardobserved upward modulation by cAMP of the K/ channel
from sea urchin sperm and the channel displayed one open modulation was reported to require mM cAMP (BruÈ gemann
et al., 1993). The apparent dissociation constant for cAMPand two closed states. Channel open times were indepen-
dent of [cAMP] while closed times varied linearly with the determined in planar lipid bilayers (200 mM ), is above that
reported for cation channels that operate in olfactory neu-reciprocal [cAMP].
The permeability properties of the K/ channel from sea rons (Kaupp, 1991). At the moment, it is not possible to
account for this lower apparent af®nity. Perhaps the inser-urchin sperm studied here were distinct from those of the
cAMP-modulated K/ channel from Drosophila larval mus- tion of the channel to an extraneous environment modi®es
its af®nity for the cyclic nucleotide. Indeed, cyclic nucleo-cle and the eag K/ channel (Delgado et al., 1991; BruÈ gemann
et al., 1993). The sperm K/ channel exhibited a PK//PNa/  tide gated-channels from photoreceptors and olfactory neu-
rons, expressed from cDNA in heterologous systems, dis-4.9, lower than the above-mentioned channels. Further-
more, the sea urchin sperm K/ channel was found to possess play lower af®nities for their agonists than the same chan-
nels in situ. Moreover, the cloning of a subunit of cyclicthe selectivity sequence K/  Rb/  Na/  Cs/, different
from that of the eag channel (K/  Rb/  Cs/  Na/, nucleotide-gated channels in olfactory neurons which mod-
ulate their af®nity for cyclic nucleotides has been reported(BruÈ gemann et al., 1993)). It will be of importance to estab-
lish, in the future, the selectivity sequence for other cyclic recently (Liman and Buck, 1994).
What would happen to the sea urchin sperm membranenucleotide-modulated K/ channels to con®rm the notion,
suggested by the scarce evidence available, that cyclic nu- potential under physiological conditions if a channel like
the one described here opened? Since in sea water, [Na/] cleotide modulation of K/ channels might not be restricted
to a particular K/ channel class, de®ned in terms of selectiv- 488 mM and [K/]  10 mM, and intracellular [K/] is 180
mM (Babcock et al., 1992), given that this channel has aity sequence. It has been reported that the eag K/ channel,
expressed in Xenopus laevis oocytes, can be permeated by PK//PNa/  4.7, its reversal potential in ASW can be esti-
mated at 013 mV. This value is 30 mV more positiveCa2/ (BruÈ gemann et al., 1993). It was not possible to obtain
evidence that divalent cations can permeate the sea urchin than the resting potential measured in normal sea urchin
sperm in sea water (045 mV, GonzaÂ lez-MartõB nez et al.,sperm, cAMP-modulated K/ channel. Moreover, as docu-
mented in the results section, trans Ba2/ blocked this chan- 1992). Thus, because of the salt composition of sea water
Copyright q 1996 by Academic Press, Inc. All rights of reproduction in any form reserved.
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A. (1994). Sea urchin sperm: An ion channel reconstitution studyand the permeability properties of this K/ channel, its open-
case. Methods Enzymol. 6, 37±50.ing would actually depolarize sea urchin spermatozoa.
Delgado, R., Hidalgo, P., Diaz, F., Latorre, R., and Labarca, P. (1991).Speract and the egg-jelly factor which triggers the AR
A cyclic AMP-activated K/ channel in Drosophila larval musclecause increases in cAMP and Na/ uptake (Schackmann and
is persistently activated in dunce. Proc. Natl. Acad. Sci. USA 88,Chock, 1986; Schackmann, 1989; Garbers, 1989). Both re-
557±560.sponses to these egg-jelly components encompass a depolar-
Dhallan, R. S., Yau, K. W., Schrader, K. A., and Reed, R. R. (1990).ization which, at least in part, is Na/ dependent
Primary structure and functional expression of a cyclic nucleo-
(GonzaÂ lez-MartõB nez et al., 1992; Reynaud et al., 1993). Pre- tide-activated channel from olfactory neurons. Nature 347, 184±
liminary results indicate that the speract induced depolar- 187.
ization in S. purpuratus sperm is Na/-dependent, and sensi- Garbers, D. L. (1989). Molecular basis of fertilization. Annu. Rev.
tive to TEA/ and Ba2/ (Labarca et al., 1995). These results Biochem. 58, 719±742.
would not allow, in principle, to discard the participation Garcia-Soto, J., Mourelle, M. I., Vargas, I., de De la Torre, L.,
of a channel like the one monitored in planar bilayers, on RamiõB rez, E., LoÂpez-ColomeÂ , A. M., and Darszon, A. (1988). Sea
urchin sperm head plasma membranes: Characteristics and egg-the speract induced events. Accordingly, it seems worth-
jelly induced Ca2/ and Na/ uptake. Biochim. Biophys. Acta 944,while exploring this possibility by comparing the pharma-
1±12.cology of the cAMP-regulated channel reported here with
Gomez, M. P., and Nassi, E. (1995). Involvement of cyclic GMPthe speract response in intact sperm.
in transduction in hyperpolarizing invertebrate photoreceptors.
Biophys. J. 68, A19.
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